Thus far, only one major form of vertebrate DNA (cytosine-5) methyltransferase (CpG MTase, EC 2.1.1.37) has been identified, cloned, and extensively studied. This enzyme, dnmt1, has been hypothesized to be responsible for most of the maintenance as well as the de novo methylation activities occurring in the somatic cells of vertebrates. We now report the discovery of another abundant species of CpG MTase in various types of human cell lines and somatic tissues. Interestingly, the mRNA encoding this CpG MTase results from alternative splicing of the primary transcript from the Dnmt1 gene, which incorporates in-frame an additional 48 nt between exons 4 and 5. Furthermore, this 48-nt exon sequence is derived from the first, or the most upstream, copy of a set of seven different Alu repeats located in intron 4. The ratios of expression of this mRNA to the expression of the previously known, shorter Dnmt1 mRNA species, as estimated by semiquantitative reverse transcription-PCR analysis, range from two-thirds to three-sevenths. This alternative splicing scheme of the Dnmt1 transcript seems to be conserved in the higher primates. We suggest that the originally described and the recently discovered forms of CpG MTase be named dnmt1-a and dnmt1-b, respectively. The evolutionary and biological implications of this finding are discussed in relation to the cellular functions of the CpG residues and the CpG MTases.
In vertebrates, including mammals, chromosomal DNAs are modified by C-methylation at a limited number of CpG dinucleotides, resulting in methylation at the 5Ј position of the C residues. Many studies have indicated that this methylation process and its product, m CpG, play indispensable regulatory roles for a number of genetic activities in vertebrate cell differentiation and embryo development. These activities include tissue-specific gene transcription, chromatin modification, and genomic imprinting (for reviews, see refs. [1] [2] [3] . DNA methylation has also been implicated in neoplastic transformation (4) (5) (6) . The structural and functional analysis of the enzymes responsible for the above methylation process, the CpG methyltransferases (MTases), is thus a critical step toward understanding vertebrate development.
Thus far, only one abundant CpG MTase enzyme has been identified in the somatic tissues of different vertebrates. The cDNA and gene encoding this enzyme, Dnmt1, have been cloned from different vertebrates including mouse (7, 8) , human (8) (9) (10) , rat (11) , chicken (12) , Xenopus (13) , and others. Dnmt1 shows a marked preference for hemimethylated DNA as its in vitro substrate of CpG methylation and, hence, is believed to be the enzyme responsible for the propagation of the methylation patterns through the cell generations (maintenance methylation). The C-terminal domain of Dnmt1 is built on the same architecture as the bacterial C-methylation enzymes, which contain 10 conserved motifs involved in catalytic activities (7, 14) . The N-terminal domain ( Fig. 1 ) contains the nuclear localization signal, the replication foci-targeting sequences (15) (16) (17) , and a region interacting with the replication protein PCNA (18) . The critical function of dnmt1 in development has been shown by the targeted mutation of the mouse gene. Embryonic stem cells homozygous for a disruption of Dnmt1 proliferate normally but with their DNA highly demethylated. They also die on induced differentiation in vitro (19) .
Recently, several minor species of mammalian CpG MTase have been identified and cloned. They have been designated dnmt2, dnmt3-a, and dnmt3-b (20) (21) (22) (23) . Of these, dnmt2 contains 6 of the 10 conserved motifs mentioned above, but it lacks the large N-terminal domain of the vertebrate CpG MTases. Dnmt2 mRNA is expressed in all cell types at very low levels, and it is essential for neither de novo nor maintenance methylation activities in embryonic stem cells (20, 21) . Dnmt3-a and Dnmt3-b are expressed abundantly in embryonic stem cells, but, similar to Dnmt2, they are at very low levels in differentiated embryoid bodies and the adult tissues. The C-terminal regions of dnmt3 enzymes contain the conserved motifs of C-methylation enzymes, but their N-terminal regions show no sequence homology to dnmt1 (23) . Further diversity of mammalian CpG MTase has been established in studies of the murine Dnmt1 gene. Two isoforms of the dnmt1 enzyme resulting from alternative initiation of translation were observed, the longer one being the well known mouse somatic form that is also expressed in embryonic cells. The short form is detected only in oocytes and preimplantation embryos (24) (25) (26) . In addition, reverse transcription (RT)-PCR and RNase protection assays have detected low frequencies of occurrence of alternative splicing in the C-terminal region of the rat Dnmt1 transcript in several tissues, including neuronal cells (11) .
We now report the incidental discovery of a second major form of CpG MTase that is abundantly expressed in different human somatic tissues and cell lines. The mRNA coding for this CpG MTase apparently originates from an alternative splicing scheme of the primary Dnmt1 transcript, which inserts an additional 16 amino acids, encoded by a human Alu family repeat, between exons 4 and 5 of the well characterized dnmt1 protein. Interestingly, analysis of chimpanzee cells suggests that two abundant forms of somatic CpG MTase are conserved in the higher primates.
MATERIALS AND METHODS
RNA Samples. The acid guanidinium thiocyanate phenolchloroform extraction method (27) was used to isolate total
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PNAS is available online at www.pnas.org. RNAs from different human cell lines and tissues. These include K562 (erythroid), HeLa (cervical carcinoma), Jurkat (T lymphoblast), Molt 3 (T cells), Raji (Burkitt lymphoma), Wil2 (B lymphocyte), mononuclear cells, peripheral blood T cells, and natural killer (NK) cells. In addition, RNAs from human stomach, liver, placenta, and thymus were kindly provided by T.-J. Chang and C.-K. Chou at the Veterans Hospital (Taipei, Republic of China). Chimpanzee RNA was isolated from blood samples acquired from the Yerkes Primate Center (Atlanta). Poly(A)-RNA was isolated by using the Oligotex mRNA Mini Kit column (Qiagen, Chatsworth, CA).
RT-PCR. RT was performed as described (28) . Briefly, RT was performed in a 20-l final volume of 50 mM Tris⅐HCl, pH 8.3͞75 mM KCl͞3 mM MgCl 2 ͞10 mM DTT͞2 M dNTP͞500 ng of oligo(dT) 15 ͞200 units of Superscript II reverse transcriptase (GIBCO͞BRL)͞20 units RNasin (Promega) and appropriate amounts of total RNA or poly(A)-RNA. The reaction mixtures were incubated at 42°C for 60 min. They were denatured by boiling for 5 min before PCR analysis.
In general, PCR was carried out in a total reaction volume of 100 l containing standard PCR buffer (50 mM KCl͞20 mM Tris⅐HCl, pH 8.4), 1.5 mM MgCl 2 , 1 l of cDNA from the RT reaction, 0.15 M each of the two primers, 0.1 mM dNTP, and 2.5 units of Taq DNA polymerase (GIBCO͞BRL). The extension temperature is usually 72°C, and the duration time for extension is approximately 1 min͞kilobase (kb). For example, PCR amplifications of the human Dnmt1 cDNA between nucleotides 502 and 1,001 ( Fig. 2A) and the human ␤-actin cDNA between nucleotides 864 and 1,166 were carried out in a HYBAID OminGene system (Hybaid, Middlesex, U.K.) with the following temperature profiles: an initial denaturation at 95°C for 5 min; followed by 35 cycles of 95°C for 1 min, 55°C for 30 s, and 72°C for 1 min; and, finally, an elongation step at 72°C for 10 min. Each PCR analysis was done in duplicate. One-fifth of the Dnmt1 product was analyzed by electroporation on a 2% agarose͞ ethidium bromide gel. The gel patterns were documented with the IS1000 Digital Imaging System and saved in computer-tagged image file format; the band intensities were quantitated with the IS-2000 Documentation and Analysis System (Alpha Innotech, San Leandro, CA).
For semiquantitative analysis (see Figs. 4 and 5) , amplification of the ␤-actin cDNA was used initially to test different PCR conditions. It was found that under the conditions described above, linear responses of the PCR signals were obtained for both the 303-bp ␤-actin cDNA fragment and the 500-bp Dnmt1 cDNA fragment over a range of serial dilutions of the RT samples used as the template for PCR.
To amplify the 5-kb Dnmt1 cDNA between nucleotides 238 and 5,130, PCR was carried out by the Advantage-GC cDNA PCR Kit (PT3091-1, CLONTECH) in the HYBAID OminGene system with the following temperature profiles: an initial denaturation at 95°C for 5 min; followed by 38 cycles of 95°C for 1 min and 68°C for 8 min; and, finally, an denaturation step at 95°C for 1 min and an elongation step at 68°C for 20 min. (29) . Each reaction mixture in a total volume of 25 l contains 5 g of the oligomer substrate, 20 g of extract, and 1.25 M 3 H-SAM (3 Ci). The mixtures were incubated at 37°C for 2 h, and stopped with the addition of 0.6% (vol͞vol) SDS. After proteinase K digestion and NaOH hydrolysis of RNA, the samples were ice cooled and neutralized with HCl and Tris⅐HCl. A tenth of each sample was mixed with 20 g of salmon sperm DNA, transferred to DE-81 filter (Whatman), and washed as described (30) . The filters were air dried and counted.
PCR of Genomic DNA. The isolation of genomic DNA from human K562 cells and chimpanzee blood sample was performed as described by Sambrook et al. (31) . Genomic DNA (100 ng) was used as the template for amplification in the HYBAID OmniGene system with the following thermal cycles profiles: an initial denaturation at 95°C for 5 min; followed by 30 cycles at 95°C for 1 min, 64°C for 30 s, and 72°C for 3 min; and, finally, 72°C for 10 min. The two primers used are 502-521 and 718-698 as shown in Table 1 . One-fifth of the PCR product was analyzed on a 1% agarose gel (Fig. 3A) .
Plasmid, Cloning, and DNA Sequence Analysis. All recombinant DNA works were done according to the standard procedures (31) . Specific PCR bands were eluted from agarose gel and cloned into pGEM-T vector (Promega). The cloned DNAs were sequenced by using primers specific for the flanking vector sequences plus different synthetic oligonucleotides. Sequencing was performed with the Taq Dideoxy Terminator Cycle Sequencing Kits (Applied Biosystems). The reaction products were electrophoresed and recorded on the ABI PRISM 377-96 DNA Sequencer (Perkin-Elmer). Sequences were analyzed with MACVECTOR sequence analysis software (Oxford Molecular Group, Oxford).
RESULTS
An Isoform of Human Dnmt1 mRNA with an Extra 48-nt Insertion. During the preparation of yeast two-hybrid screening baits by RT-PCR from the total RNA of human K562 cells, it was found that use of the primers 502-521 from exon 4 and primers 1,001-981 from exon 5 ( Table 1 ) of the human Dnmt1 coding sequence (Fig. 1 ) gave rise to two bands-instead of one-on the agarose gel (Fig. 2 A, lane 2) . The length of the lower band, approximately 500 bp, is similar to that expected from the human Dnmt1 cDNA sequence, and the upper band is approximately 50 bp longer. Omitting the RT step eliminated both bands (Fig. 2 A,  lane 1) , suggesting that they are derived from the RNA but not from contaminating genomic DNA.
Both RT-PCR bands were cloned into plasmid vector and subjected to dideoxynucleotide sequencing. The sequence of the lower band matches perfectly with the published Dnmt1 cDNA from codon 89 to codon 255. The upper band, on the other hand, contains an extra 48-bp block inserted in-frame between exons 4 and 5 (Fig. 2B) . This 48-bp block encodes a 16-amino acid stretch without a termination codon.
The Dnmt1 mRNA, without counting the poly(A) tail, is about 5,400 nt long (8, 9) . In agreement with this length, RT-PCR of K562 RNA with the primers 238-254 and 5,130-5,101 (Table 1) generates a DNA band of an approximate length of 5 kb (Fig. 3A, 
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5Ј-CACGAAACTACCTTCAACTCCA-3Ј lane K562). Interestingly, PCR of the 5-kb band eluted from the gel shown in Fig. 3A again gave rise to two bands (Fig. 3B , lane 2) of molecular masses similar to those deduced from RT-PCR of the K562 total RNA (Fig. 3B, lane 3) . In a negative control experiment, PCR of the eluates from gel regions immediately above and below the 5-kb band shown in Fig. 3A revealed no bands on the gel (Fig. 3B, lane 1) . The data shown in Figs. 2 and 3 together suggest that at least two different species exist in the apparently 5,000-nt-long Dnmt1 mRNA population previously detected by Northern blot analysis (9) . One of them is the well known Dnmt1, which already had been characterized extensively by cloning and sequencing (8, 9) . The other one contains the extra 16-amino acid block (Fig. 2B ) inserted between exons 4 and 5.
To determine whether there are other isoforms of Dnmt1 mRNA with additional insertions or deletions, we have carried out RT-PCR of K562 RNA with other sets of primers (Table 1) spanning the human Dnmt1 cDNA region. As shown in Fig. 3C , all of these reactions, except for the one that used the primer set already described in Figs. 2 A and 3B , reveal only one band with lengths the same as expected from the Dnmt1 cDNA sequence. Hereafter, we refer to the originally described human CpG MTase and its isoform with the extra 16 amino acids as Dnmt1-a and Dnmt1-b, respectively.
Tissue Specificity and Relative Levels of Dnmt1-b Expression. To examine the tissue specificity of expression of Dnmt1-b RNA, we have carried out RT-PCR of total RNA samples prepared from a variety of human cell lines and tissues. These include the cell lines K562, HeLa, Jurkat, Molt3, Raji, and Wil2, as well as different tissues including the liver, stomach, placenta, thymus, mononuclear cells, peripheral blood T cells, and NK cells. In turns out that Dnmt1-a and Dnmt1-b coexist as two abundant mRNA species in all of the cell types we have examined (data not shown). Furthermore, as exemplified by semiquantitative RT-PCR analysis of three RNA samples in Fig. 4 , the expression levels of Dnmt1-b range from 70% to 40% of those of Dnmt1-a.
Dnmt1-b Is Enriched in Poly(A)-RNA and It Encodes CpG MTase Activity. Three lines of evidence suggest that Dnmt1-b also encodes a CpG MTase. First, similar to Dnmt1-a, it exists mainly as a poly(A)-RNA species (Fig. 5) . Second, coupled in vitro transcription͞translation has shown that Dnmt1-b RNA could be translated efficiently (data not shown). Finally, extract prepared from 293T cells transiently transfected with Dnmt1-b expression plasmid (pCMV-Dnmt1-b) had MTase activity in vitro as did that from pCMV-Dnmt1-a-transfected cells. Also, the activities from both Dnmt1-a and Dnmt1-b seem to prefer hemimethylated CpG as substrate (data not shown).
Dnmt1-b Results from Alternative Splicing of a 48-nt Alu Repeat Sequence Between Exons 4 and 5 of Dnmt1-a.
The simplest explanation for the generation of Dnmt1-b is that an alternative splicing scheme inserts an 48-nt exon sequence from intron 4 of the Dnmt1 gene between exons 4 and 5 of Dnmt1-a. To test this hypothesis, we used PCR to amplify the human genomic region containing the 3Ј portion of exons 4, the intron 4, and the 5Ј portion of exon 5 of Dnmt1-a as described in Materials and Methods. The resulting fragment, which is approximately 3 kb long, was cloned and subjected to automated DNA sequencing analysis.
As shown in Fig. 6A , intron 4 of the human Dnmt1 gene contains at least seven copies of human Alu family repeats, Alu1 through Alu7, all of which are pointing in the opposite direction of Dnmt1 transcription. Because of the repetitive nature of the Alu family sequences and the distances of some of these repeats from the sequencing primers, we have been able to determine neither the sequence of a small portion of the sequence of Alu4 nor that of approximately 300 bp of DNA downstream of Alu2. Among the seven Alu repeats, Alu1 and Alu2 are arranged in tandem. Alu3 is apparently the product of a retroposition event, with the target site being the sequence 5Ј-TGGAA-3Ј. Alu4, Alu5, Alu6, and Alu7 together form a tetrameric tandem array flanked at the boundaries by the direct repeats 5Ј-ACTTCAT(C͞ T)TTT-3Ј (Fig. 6A) . Thus, the array is most likely generated by sequential insertion of four Alu repeats into the same genomic site, similar to those identified in the primate ␣-globin loci (32). However, without comparison to other primate species, the time of occurrence of these four retroposition events during evolution could not be determined. It should be noted that the sequence of Alu5 corresponds only to the first half of the 290-bp monomeric Alu consensus (Fig. 6B) . The origin of this unusually short Alu repeat is also unknown.
It is interesting that the only sequenced region of intron 4 identical to the 48-nt block of Dnmt1-b mentioned above is located in the antisense strand of Alu1, between position 208 and 161 relative to the Alu consensus sequence (33) . Furthermore, detailed comparison of the sequences immediately flanking both sides of this segment of Alu1 indicates that they would provide functional acceptor and donor sites (34), respectively, for splicing of the 48-nt segment between exons 4 and 5 of Dnmt1 (Fig. 6B) .
Dnmt1-a and Dnmt1-b Also Exist in Chimpanzee. To determine whether Dnmt1-a and Dnmt1-b coexist as two abundant RNA species in higher primates, we have used the same primers described for Fig. 2 A to carry out RT-PCR of chimpanzee blood RNA. Two fragments of 500 bp and 550 bp also were generated (Fig. 7) . Nucleotide sequencing of the two bands indicates that they are identical to the corresponding regions of human dnmt1-a and dnmt1-b, respectively (data not shown).
DISCUSSION
As summarized in Fig. 8 , we have discovered that, in vivo, the primary transcript of the human Dnmt1 gene (Fig. 8A) is alternatively spliced in two-and most likely only two-different ways. One of the spliced mRNA species (Fig. 8B Lower) would be translated to generate dnmt1, the well known enzyme thought to be the only major form of CpG MTase in vertebrate somatic tissues. The newly identified mRNA species, on the other hand, includes as additional 48 nt in-frame between exons 4 and 5 of the Dnmt1 mRNA (Fig. 8B Upper) . The expression level of the newly identified mRNA species is approximately 40-70% of that of the Dnmt1 mRNA (Fig. 4) . Previous approaches of isolation and characterization of the human CpG MTase would not detect the existence of this enzyme species (8, 9) . Thus, it seems that there (1999) are two major forms of somatic CpG MTase in human cells. We suggest that the originally discovered enzyme and the newly identified species be named dnmt1-a and dnmt1-b, respectively. In light of this nomenclature, the original exon 4 and the 48-bp block could be termed exon 4a and exon 4b, respectively. As shown in Figs. 2B and 6, the additional 48 amino acids in dnmt1-b are encoded by an antisense sequence from a human Alu family repeat in the intron 4 of the Dnmt1 gene. Although we have not been able to determine the entire sequence of intron 4 because of its length and the presence of multiple Alu repeats, the extra 48 nt of the Dnmt1-b mRNA are most likely derived from the first or the most upstream copy (Alu1) of the multiple Alu repeats, for the following reasons. First, the 48-nt sequence in the PCR product is identical to nucleotides 208-161 of the Alu1 antisense strand but not to the corresponding regions of Alu2 through Alu7 (Figs. 2B and 6B) . Second, the sequences surrounding the 5Ј and 3Ј boundaries of the 48-nt block in Alu1 are in perfect match to the consensus acceptor and donor sites, respectively, of mammalian mRNA splicing (Fig. 6B ). This scheme of alternative splicing of the Dnmt1 transcript seems to be conserved among the higher primates (Fig. 7) . Although we have not cloned the genomic DNAs containing exon 4, intron 4, and exon 5 of the chimpanzee Dnmt1 gene, it is expected that the antisense Alu sequence in the chimpanzee Dnmt1-b mRNA is also derived from an intronic Alu family repeat. It would be interesting to examine whether this alternative splicing scheme of the human and chimpanzee Dnmt1 transcripts also generates another abundant, previously unidentified CpG MTase in the somatic tissues of other vertebrate animals.
Incorporation of Alu repeat sequences into the protein-coding regions of primate mRNAs through alternative splicing, however, is not without precedence (reviewed in ref. 35) . Approximately half of these alternatively spliced Alu sequences are also derived from the antisense strand, and their insertions have resulted in premature termination of translation, frame-shift mutation, or in-frame insertion as in the human Dnmt1-b mRNA. Because of the sequence diversity of the Alu family repeats, no peptide Proc. Natl. Acad. Sci. USA 96 (1999) sequence similarity could be found among these spliced Alu segments. As expected, the 48-nt Alu sequence of Dnmt1-b mRNA also has no similarity to those documented cases with respect to both its location within the Alu repeat consensus and its nucleotide sequence (comparative data not shown). Now that Dnmt1-b has been identified, the functional roles of the human Dnmt1 and possibly those of other primate genes need to be redefined. Methylation patterns are, in general, stably maintained in the somatic cells of animals but change dramatically during early development when the genomes of the mammalian embryos undergo consecutive waves of demethylation and de novo methylation (36) . In particular, most CpG methylation present in the zygote DNA is erased during early embryo cleavage, most likely by DNA demethylase(s) (37) . After implantation, the embryo undergoes a wave of global de novo methylation that restores the genomic methylation levels of the gastrulating embryo to those seen in the adult. It is unknown whether dnmt1 participates in the global de novo methylation processes. However, at least one other CpG MTase enzyme may be involved, because mouse embryonic stem cells homozygous for a null mutation of the Dnmt1 gene still have a detectable level of m CpG as well as de novo methylation activity toward proviral DNA (38) .
The dnmt1 CpG MTases encoded by human and murine Dnmt1 genes have been well characterized (39) (40) (41) (42) . The enzyme is capable of methylating both unmethylated and hemimethylated DNA substrates but with a great preference toward the latter in vitro. It was believed that dnmt1 is the single major enzyme establishing and propagating the methylation patterns through cell generations of the mammalian tissues and that the Nterminal, regulatory domain of dnmt1 modulates the de novo and maintenance methylation activities of the enzyme (39) . The current discovery of the abundantly expressed dnmt1-b raises interesting questions regarding many previous cellular and genetic phenomena associated with somatic CpG methylation, all of which have been thought to be largely responsible for dnmt1-a.
